Objective: The current study investigates the effect of sleep deprivation on the speed and accuracy of eye movements as measured by the King-Devick (K-D) test, a Ͻ1-minute test that involves rapid number naming.
Sleep deprivation has been demonstrated to negatively impact multiple aspects of neurocognition, including diminished attention, altered perception, impaired memory, and slowed visuomotor response. 1 Despite evidence that sleep deprivation significantly hampers neurocognitive skills, the degree of potential compensation for cognitive slowing continues to be debated. In a study of surgical residents, no abnormalities in arithmetic calculations and surgical knot tying were observed after overnight sleep deprivation. 2 Furthermore, substantial interindividual differences in vulnerability to sleep loss effects have been demonstrated, as a study of volunteers undergoing sleep deprivation periods ranging from 1 to 3 days showed some participants had minimal change in cognitive functioning while others had significant impairment on a battery of neurocognitive tests. 3 Prior research has demonstrated that fatigue caused by sleep deprivation has a profound impact on eye movements, particularly by slowing peak saccadic velocity, 4 increasing spontaneous blinking, 5 and diminishing accuracy of smooth pursuit. 6 The King-Devick (K-D) test involves rapid number naming and captures impairment of eye movements, attention, language, and other correlates of suboptimal brain function. The K-D test has recently been verified as a method to screen for concussion in athletes, with increased times associated with cognitive slowing and worse concussion outcomes. 7, 8 The current research investigates the impact of sleep deprivation on eye movements and attention as measured by the K-D test in residents taking overnight call. It aims to study some unresolved questions surrounding the effects of sleep deprivation, including better identification of interindividual differences in vulnerability to sleep loss effects and quantification of the role of fatigue on K-D testing. The study hypothesizes that increased sleep deprivation will be associated with increased time and increased errors (worse performance) on the K-D test.
METHODS Study participants. Neurology residents and
staff from the University of Pennsylvania Health System were enrolled in this study. Subjects are a convenience sample of individuals who were taking overnight call (n ϭ 25) and individuals who were not taking call (n ϭ 10) who were willing to undergo testing. , was used to measure the level of sleepiness in participants. 9 Also, reports of the prevalence of sleep deprivation symptoms, including falling asleep during meetings and problems with memory and concentration, were obtained.
Standard protocol approvals, registrations, and patient consents.
The K-D test. The K-D test is based on the time to perform rapid number naming. 7 It involves reading aloud a series of single-digit numbers from left to right on 3 test cards. All participants were given the same standardized instructions prior to each testing session, specifically to read the numbers as quickly and accurately as possible. The K-D test yields scores for time (sum of number of seconds required to read each test card) and errors (total number of mistakes made on the test cards).
Each participant completed 2 testing sessions, 1 as a baseline and 1 as follow-up, typically within a 24-to 72-hour time period. The first session was performed in residents and staff members when they were not postcall and after Ն6 hours of sleep. In residents taking call, the second session was completed the morning after overnight call. In residents and staff members not taking overnight call, the second session was completed at the same time of day after Ն6 hours of sleep. All testing was performed by a medical student blinded to the results of the first session.
Statistical analysis. Data analyses were performed using Stata 12.0 software (StataCorp, College Station, TX). Differences in follow-up and baseline times were compared for participants currently taking call and those not taking call using the Wilcoxon rank sum test. Associations between change in K-D test performance and duration of sleep during the call period, caffeine consumption, and subjective scoring of sleepiness were evaluated using Spearman rank correlations. For all statistical tests, type I error for significance was set at p Ͻ 0.05.
RESULTS
Characteristics and K-D testing data for the resident and staff cohort are summarized in the table. The participants taking call did not have less sleep over the prior 24 hours at baseline ( p ϭ 0.82) but did have less sleep when postcall relative to the control group ( p Ͻ 0.0001, Wilcoxon rank sum test).
Less improvement from baseline K-D times were observed in residents taking call when compared to residents and staff not taking call ( p Ͻ 0.0001, Wilcoxon rank sum test; figure, A). Errors on K-D testing were minimal throughout the study (total of 7 errors), but were more frequent among residents taking call both at baseline (1 of 25 participants with at least 1 error) and at follow-up (4 of 25 with at least 1 error).
Changes in K-D time scores from baseline were correlated to amount of sleep obtained (for the entire cohort including subjects who were postcall and those not taking call), with less sleep associated with less improvement in K-D score (r s ϭ Ϫ0.50, p ϭ 0.002). Within the postcall resident group, however, the magnitude of changes in K-D scores from baseline did not correlate with duration of sleep on call, although performance was impaired in this group. Changes in K-D time score from baseline were also modestly correlated to the subjective evaluation of sleepiness at time of testing, with greater improvement from baseline among those who reported less sleepiness (r s ϭ 0.33, p ϭ 0.05; figure, B ). There was no relation between changes in K-D time scores from baseline and time of last caffeine consumption (r s ϭ Ϫ0.13, p ϭ 0.52) or length of sleep while on call among postcall residents (r s ϭ 0.13, p ϭ 0.54).
DISCUSSION
The K-D test is sensitive to the impact of sleep deprivation on cognitive functioning, including aspects such as rapid eye movements, concentration, and language. Participants not taking call showed a median improvement of 3.8 seconds in follow-up K-D scores, consistent with the learning effect previously described in K-D testing. 7, 8 However, residents had a median slowing of about 0.23 seconds on postcall K-D testing, suggesting that the learning effect was negated by sleep deprivation. While this worsening in K-D test performance is not as extreme as seen in a cohort of athletes with concussions (reported median 5.9-second increase in K-D time), 8 it demonstrates the potential effectiveness of K-D testing to detect eye movement slowing in sleep deprivation. Furthermore, postcall residents had an increased number of errors on follow-up relative to control subjects, similar to the increased number of errors observed in athletes with concussions. 8 These results suggest that increased time and error on K-D testing capture the deleterious effects of sleep deprivation on eye tracking and attention.
Less sleep in the prior 24 hours was associated, in the overall cohort of on-call and noncall participants, with less improvement in K-D time from baseline. However, among residents taking call, no association was found between duration of sleep obtained oncall and K-D follow-up performance. Nonetheless, the performance on the K-D test was impaired in this group. In other words, postcall residents obtained less sleep time than subjects not taking call, which correlated to poor performance on the K-D test, but when a subanalysis of the postcall residents was completed no correlation between K-D time from baseline and sleep was observed. The finding is unlikely to be due to variability in test performance; in fact, recent studies demonstrated a high degree of testretest reliability for K-D with intraclass correlations of 0.97. 7 The result could be explained, however, by interindividual vulnerability to the effects of sleep deprivation that has been documented with other sleep deprivation measures. 1, 3 In the current study, some residents obtaining zero hours of sleep on call improved at a level similar to controls while others were significantly impaired in their K-D performance even when obtaining several hours of sleep on call. No study variable (including age, sex, time to caffeine, level of training, hospital service, or prevalence of sleep deprivation symptoms) effectively predicted which individual would be more affected by sleep deprivation. One potential confounding factor may have been the amount of caffeine consumption prior to testing; while our study captured the time since last caffeine intake, the actual quantities of caffeine were not evaluated in this study. Self-report of increased level of sleepiness (using the KSS) was associated with less improvement in K-D times from baseline. This finding corresponds to prior research that found participants reporting an increased level of sleepiness had slower peak eye saccade velocities relative to participants rating themselves as more alert. 5 Although the ability to appropriately identify level of alertness has been debated, recent evidence suggests that subjective alertness and performance are modestly correlated, with most discrepancy during the biological night. 10 The association between subjective level of sleepiness and improvement in K-D test times in the current study provides further support for the concept that individuals are fairly effective in rating their level of alertness. However, self-report of sleepiness is a subjective measure not capable of capturing individual vulnerability to sleep deprivation effects. Severe fatigue (ratings sleepy and very sleepy on the KSS) significantly affected follow-up performance on the K-D test in the present study. Since prior research has demonstrated no effect on K-D performance from athletic workout fatigue, 8 the current results extend our understanding of K-D testing in relation to extreme fatigue levels. In the search to objectively evaluate the effects of sleep deprivation, the K-D test offers a simple and quick method to measure degree of eye movement slowing in subjects. Further research with larger cohorts is needed to ex-pand the subject sample size, elaborate interindividual variability in vulnerability to the effects of sleep deprivation, and evaluate the impact of different sleep loss patterns on attention and eye movements. Indeed, the K-D test offers the potential to monitor resident performance under a variety of call schedules, including night float systems, and to test the association between eye movement slowing and clinical errors.
